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ABSTRACT 

Results are presented for three recent experiments in a series of 
thruster contamination experiments made in the liquid helium-cooled environ- 
mental facility of the NASA Lewis Research Center. The general objective of 
this study is to investigate the contaminating effects encountered on vari- 
ous materials, surfaces, and components, due to the exhaust products from a 
5 -pound thrust, bipropellant (MMH/N2O4) thruster. This paper is limited to 
the following topics: (1) the angular distribution of plume effects around 

the periphery of the thruster as established by transmittance changes of 
quartz samples over the wavelength range from 0.2 to 2.0 micrometer, 

(2) mass deposition rates at a specific location as measured with a quartz 
crystal microbalance for three different experiments, (3) quadrupole mass 
spectrometer measurements of the exhaust products over the mass number range 
from 12 to 75 , ( 4 ) infrared transmittance measurements of contaminated sam- 
ples for the wavelength range from 2.5 to 15 microns, and (5) infrared 
transmittance measurements of residue collected from the thruster nozzle 
for signature identification of the residue. 

The plume distribution effects indicated a general decrease in trans- 
mittance as the angle between the sample and the nozzle centerline increased. 
A favorable comparison was obtained between the angular distribution of the 
transmittance and an approximation to the plume mass density distribution 
for angles up to approximately 56 °. Two samples located at angles of ± 85 ° 
however indicated greater transmittance changes than predicted by the trends 
of the plume mass flow distribution. The quartz crystal microbalance meas- 
urements indicated not only large changes in mass deposition rates between 
the three different experiments but also daily as well as day to day changes 
during a given experiment even though engine operating parameters were not 
changed. The data obtained from the quadrupole and infrared transmittance 
measurements indicated that identification of the contaminant may be possible 
but it will be extremely difficult to apply these techniques to provide quan- 
titative data which can be related to contamination effects. 

INTRODUCTION 

The problems and concerns of spacecraft contamination are well recog- 
nized as indicated by the extensive coverage provided to the subject at re- 
cent conferences (refs. 1 to 4 ) . As spacecraft systems increase in com- 
plexity and missions increase in duration, the possibility of encountering 
contamination effects which can seriously compromise or even destroy func- 
tional or experimental components also increases. Reviews of the possible 
effects, the seriousness of the contamination problem, and the need for per- 
forming experiments to document the contaminating effects are presented in 



references 5 and 6. Definitive experiments which contribute to the under- 
standing of the contamination problem are extremely difficult to perform. 
Sources of contamination, their subsequent effects, and the many parameters 
which must be considered and controlled have many facets and generally tend 
to be unique for a given situation or application. 

In general, contamination studies consist of (1) the measurement of 
changes or damage due to the contaminant on the operational characteristics 
of surfaces, materials, or components, (2) the identification of the degrad- 
ing contaminant and its source, (3) the definition of the conditions and the 
parameters which control the extent and formation of the contaminant, and 
(4) a study of the methods to eliminate or minimize the contaminant or con- 
taminant effects t These four areas present a challenging array of experi- 
mental problems that tax limits of available equipment and instrumentation 
even though much progress has been made on new measurement techniques (e,g., 
refs. 7 to 9). 

Of the many possible sources of contamination that occur, contamination 
due to the exhaust plumes of RCS thrusters presents one of the more serious 
threats to many spacecraft surfaces and experiments. Yet only very limited 
quantitative data are available in this area. The paucity of data is due to 
the experimental difficulties encountered in simulating the proper environ- 
ment and the inherent problems associated with the sophisticated measure- 
ments and control systems required to obtain worthwhile data. For example, 
in order to eliminate the interaction between the environmental facility and 
the plume contamination source, it is necessary to resort to large clean 
vacuum facilities having large pumping speeds for all gases including hydro- 
gen. This invariably requires large liquid helium cryopumped systems and 
large distances between the experiment and the measuring instrumentation 
with the attendant instrumentation wiring and signal conditioning problems. 
In addition, compromises must frequently be made in the experimental proce- 
dure due to facility characteristics, and the logistics and economics of the 
cryogenic fluids required for operating the facilities. 

The Lewis Research Center has available a large supply of recoverable 
liquid helium so that thruster contamination studies can be performed with 
proper simulation. During the past several years we have been involved in 
making general studies on contamination effects due to RCS thrusters. (Re- 
sults from previous tests performed in this general study have been reported 
in refs. 10 and 11, ) 

The purpose of this paper is to present the results obtained in the 
most recent series of studies being carried out at the Lewis Research Center 
on contamination from a 5-pound thrust MMH/^O^ bipropellant engine. The 
data presented were obtained from three different experiments that were con- 
ducted during the past year. The results will concentrate primarily on the 
distribution of contamination effects as determined by transmission changes 
of quartz samples and the characteristics of the contaminant as measured 
with quartz crystal microbalances, a quadrupole mass spectrometer, and an 
infrared spectrometer. The results for "damage” effects are being reported 
at this meeting in two companion papers (refs. 12 and 13). 
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FACILITY 


The experiments were carried out in the 2*4 meter liquid-helium-cooled 
space simulation chamber described in reference 14, The engine and the 
experiment package are located within the facility as shown in figure 1 . 

The engine is a pressure-fed bipropellant single/doublet unit with a stain- 
less steel radiation-cooled nozzle. The fuel is MMH and the oxidizer is 
N 2 O 4 . The thruster is fired in a horizontal direction toward the liquid 
helium-cooled wall. During thruster firing a gaseous argon leak is intro- 
duced into the simulator to enhance the ability of the tank wall to cryopump 
hydrogen obtained during thruster firing (see ref. 14 for a discussion of 
this effect). The engine is generally fired in a pulse mode of operation 
with an ON-time less than 200 msec, an OFF-time greater than 100 msec, and 
in a series of pulses corresponding to a total ON time of less than 500 msec. 
The pulse mode type of operation is of interest because most RCS thrusters 
operate with this duty cycler 

Included within the facility at various locations are fast response 
ambient pressure gauges to monitor the response and pumping characteristics 
of the facility. With liquid helium-cooled walls, the facility pressure Is 
less than 1*10~9 torr during nonfiring periods. During thruster firing 
periods the tank pressure increases to 6 * 10 “^ torr due to the imposed gase- 
ous argon leak to enhance hydrogen pumping. At the moment of thruster fir- 
ing, the tank pressure increases momentarily to 5 * 10”5 torr but within 
3 minutes returns to the steady value of 6x10“^ torr. 


A fast scan quadrupole mass spectrometer is located on the test sec- 
tion wall behind the nozzle exit plane and approximately 1 ^ meters above 
the engine centerline to measure the constituents of combustion gases. A 
60° magnetic sector mass spectrometer is included within the facility in- 
strumentation at the instrument ring for facility monitoring and residual 
gas analysis. 


Solar simulation is provided by the carbon arc lamp and optics section 
of the facility. The optics section consists primarily of an optics tower 
housing a lenticular lens system to provide good beam uniformity and a 
1 -meter diameter collimating mirror to provide a 1 -meter illuminated test 
plane. The resulting beam has an Intensity of approximately 0.7 solar con- 
stant and closely approximates the solar spectrum. 


EXPERIMENTS 

A summary comparison of the three different experiments for which re- 
sults will be presented is shown in table I. Basically the experiments are 
similar in that the effects of contaminants from the exhaust plume of the 
MMH/N 2 O 4 5-pound thruster for pulse mode type operation on various surfaces 
and components were Investigated. Most of the test hardware and instrumen- 
tation for each experiment is similar except for Experiment 3 which included 
a new sample pallet and the extensive application of quartz crystal micro- 
balances (QCM) to define the distribution of deposited mass within the plume 
and the back flow regions. Figures 2(a), (b), and (c) show a schematic 
drawing of the test plane and a description of the samples and instrumenta- 
tion which is of interest for each of the three experiments. 
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Experiment 1 was primarily a long duration experiment as indicated by 
the 49-day period over which the experiment extended. The primary purpose 
of this experiment was to obtain "damage” data on various materials and 
components for extended thruster firing periods. During the 49-day period 
of this experiment the engine was fired for a total of 4468 (50 msec) pulses 
and accumulated a total firing exposure time of 223.7 seconds without break- 
ing the vacuum of the facility. The sample pallet consisted primarily of 
white and black thermal control paints, quartz and mirrored surfaces, sili- 
con solar cells, and an assortment of other materials such as aluminum, 
molybdenum, kapton, and mylar „ In addition to the pallet samples, nine 
samples were mounted on the engine centerline height and perpendicular to 
the plume flow direction to establish a plume profile In terms of measured 
effects on the transmittance of quartz samples. Two quartz crystal micro- 
balances were also included in the experiment; the QCM T s are located as 
shown in figure 2(a) and are mounted so the crystal surface corresponds to 
the elevation of the sample surfaces. The QCM T s are 5*10^ Hz crystals that 
are mounted in water-cooled crystal holders that are maintained at approxi- 
mately supply water temperature (2° C) . QCM 1 malfunctioned early in the 
experiment; consequently, data will be presented only for QCM 2. The quad- 
rupole mass spectrometer included in the experiment was also inoperative. 

Experiment 2 was very similar to experiment 1 except that the duration 
of the experiment was shorter and consisted of much less exposure to the 
thruster plume. The engine was fired on four separate days and accumulated 
1241 (50 msec) pulses and a total exposure time of 62 seconds. The primary 
objective of experiment 2 was to establish a damage distribution profile 
around the thruster as measured by transmittance or reflectance changes for 
20 "sting-mounted” samples. A series of pallet samples were included for 
comparison to experiment 1 data. Two quartz crystal microbalances were also 
included in this experiment. QCM 1 was mounted at the nozzle exit plane and 
facing in the direction of plume discharge to measure possible plume back- 
flow. QCM 2 was mounted in exactly the same location as QCM 2 in experi- 
ment 1. 


The quadrupole mass spectrometer was again included in experiment 2 and 
many scans were obtained during the experiment. A container was located 
below the nozzle and at the nozzle exit plane to collect any residue or drip- 
pings which might fall directly from the nozzle. The residue was used for 
both chemical and infrared analysis at the completion of the experiment. 

Experiment 3 was a departure from experiments 1 and 2 in that the pulse 
mode of thruster operation was changed from the 50 millisecond ON-time pulse 
used previously to a 14 -millisecond ON-time pulse. Experiment 3 consisted 
of 5375 (14 msec) firing pulses and provided a cumulative exposure of 
75.5 seconds. The primary objective of experiment 3 was to establish the 
degradation of solar cells to the short pulsing period and to establish the 
distribution of mass deposition around the thruster as indicated by the use 
of 13 QCM T s in the experiment. Much of the data from experiment 3 have not 
been completely analyzed and only a limited amount of data for one QCM (4) 
will be presented. 
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RESULTS AND DISCUSSION 

Plume Distribution Effects . - In experiments 1 and 2 various passive 
samples were arranged in a horizontal plane around the thruster axis and 
normal to the exhaust flow direction in order to establish the angular dis- 
tribution of contamination effects on quartz and mirrored surfaces. The 
samples were 1-inch in diameter and were placed around the engine at the 
engine centerline elevation and normal to the vector from the center of the 
nozzle exit area. The arrangement and number of samples were different for 
each experiment. The samples, the distance from the nozzle exit and the 
angle with the nozzle centerline are shown in figures 2(a) and (b) . 

In experiment 1, nine samples were mounted against an aluminum plate 
with only the front surface of the samples exposed. Six of the samples were 
fused quartz and were arranged to establish the contaminant effects on 
transmittance over an angle of ±24° from the engine centerline. The direc- 
tional transmittance of the six fused quartz samples were measured over the 
wavelength range from 0.18 to 0.48 ym with a 1-meter 15° Robin mount scan- 
ning spectrometer having a 590 grooves per millimeter grating. The trans- 
mittance measurements were made by the sample-in/sample-out technique with 
the sample mounted at the inlet slit of the spectrometer. (See ref. 10 for 
details.) The transmittance measurements made by this method are referred 
to as directional because only the radiant energy which is transmitted 
through the sample and not scattered off the optical axis of the spectrom- 
eter is measured. The transmittance data for these samples is shown in fig- 
ure 3. Data are not included for sample 109 because the back (or protected) 
surface of the sample became contaminated by the heavy contaminant layer 
flowing between the aluminum plate and its back surface. The contaminating 
layer on the exposed surface of these samples existed as a continuous film 
on all the samples rather than the discrete droplets which have been ob- 
served in previous experiments (refs, 10 and 12 ) . The presence of a heavy 
contaminating layer corresponds with the significant decrease in transmit- 
tance shown in figure 3 especially for wavelengths below 0.3 ym. The thick 
contaminating layer resulted in essentially zero transmittance for wave- 
lengths below 0,22 \ The samples on the left side of the engine (105, 

106, and 108) show a consistent trend of reduced effect as the angle between 
the sample and the nozzle centerline increases. The two samples on the 
right side of the nozzle axis (103 and 101) indicate a similar trend and 
also a somewhat smaller transmittance change than was measured on the left 
side of the nozzle centerline. 

Experiment 2 was a more extensive study to establish the angular dis- 
tribution of the contaminating effects on samples for angles as great as 
±85° off the nozzle centerline. Each sample was individually supported 
(sting mounted) by clamping the sample around its outer rim so that both 
sides of the sample were exposed. The samples were aligned so the front 
surface was perpendicular to the nozzle radius vector. The exposed back 
surface of the sample was believed to introduce less of an effect than that 
encountered with the protected back surfaces used in experiment 1. 

The directional transmittance measurements for the sting mounted sam- 
ples are shown in figure 4(a) for samples on the left side of the nozzle 
centerline and in figure 4(b) for samples on the right side. A comparison 
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of transmittance measurements in figures 4(a) and (b) shows a smaller con- 
taminating effect for the samples on the right side than on the left. This 
trend was also noticed to a lesser degree in figure 3 for the experiment 1 
data. For the first three samples on both the left and right sides there 
is also a general indication of decreasing contamination effects as the 
angle between the sample and the nozzle axis increases. The samples located 
at angles of ±85° off the nozzle axis (samples 101 and 120) indicate greater 
contaminating effect than samples 104 and 117 which are at 56°. It should 
be noted that the distance between the sample and nozzle center varies for 
each sample and the data should be interpreted in terms of both distance 
and angle. The extent of the contaminating effects for the samples at 85° 
is particularly surprising. Large transmittance changes were measured for 
wavelengths less than 0.3 ym despite two contrary indications, viz. (1) the 
visual appearance of the samples showed only a slight contaminant haze with 
no noticeable liquid droplets and (2) QCM1 which was located in this area 
indicated very little mass deposition (less than the 0.01 yg/cm^ resolution 
capability of the instrument) . 

The magnitude of the contaminating effect for the samples near the 
nozzle axis was also considerably more than was expected for this experiment 
for the relatively short (62 sec) exposure to thruster firing. The contam- 
inant effect on these samples is as large as that measured for the samples 
of experiment 1 in which the total exposure to thruster firing was consid- 
erably longer (223.7 sec). 

In figures 5(a) and (b) the hemispherical transmittance measurements 
of the samples are shown for the wavelength range from 0.31 to 2.5 ym. 

These measurements were made with an integrating sphere, lithium fluoride 
prism spectrometer system (ref. 12). The changes in hemispherical trans- 
mittance are due primarily to absorption effects and are less than the 
changes measured for the directional transmittance. The data for the sam- 
ples on both the left and right side of the engine centerline indicate a 
generally consistent trend of decreasing effect with increasing angle off 
the nozzle axis. There are exceptions in the data but these are considered 
to be minor. The change in transmittance for these samples is negligible 
for wavelengths greater than 0.8 ym. 

The angular distribution of the effects of the contaminating layer on 
the transmittance of the samples has been related to the plume flow field 
by considering the transmittance in terms of the Lambert-Bouguer Law of ab- 
sorption (ref. 15) and the plume flow field as defined by the approximate 
relationship given in reference 18. According to the Lambert-Bouguer Law, 
the transmittance of a uniform absorbing layer of thickness x is 


T 

c 


-k c (A)x c 

e 


where k c (A) is the absorption coefficient of the absorbing layer and is 
generally wavelength dependent and consequently the transmittance must also 
be considered monochromatically . The k(A)x product is referred to as the 
optical density of the layer. If the uniform, absorbing layer is deposited 
on a clean but absorbing substrate (as in the case of the contaminated sam- 
ples to be considered) , the transmittance of the contaminated substrate 
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(t cs ) can be determined in terms of the transmittance of the clean sub- 
strate, T s (and neglecting minor front surface reflection effects) as 

T cs (A)x 

= e 

T 

S 

For the samples that are being considered here, the contaminating layer is 
not uniform but composed rather of discrete droplets. The analogy, however, 
to the uniform layer model is appropriate provided that the absorption co- 
efficient and thickness values are understood to be effective (or inte- 
grated) values. 

If it is now assumed that the effective optical density of the contam- 
inant is proportional to the mass flow density in the exhaust plume in the 
region of the sample, the effective optical density and plume mass flow are 
related by (ref. 16 )* 


r o \ e -g^(l-cos0) ^ 
r / e 

The coordinates of the sample location in the plume are r and 0 , r Q is 
an arbitrary reference radial distance generally taken along the nozzle 
axis, and is a function of the specific heat ratio of the combustion 

products and the nozzle area ratio (ref. 16). 

Figure 6 presents the correlation of the hemispherical transmittance 
measurements from experiment 2 (shown in figs. 5 (a) and (b)) for the two 
wavelengths of 0.32 and 0.42 ym. The transmittance data are presented as 
(r/r 0 )2 ln(T cs /T s ) in order to normalize transmittance effects to a common 
radius so that angle between sample and nozzle centerline is the only inde- 
pendent parameter. The hemispherical transmittance data are suited for 
this correlation because the measurements include only absorption as re- 
quired in the Lambert -Bouguer Law. The angular distribution of the trans- 
mittance data compares favorably with the plume mass distribution curve for 
a specific heat ratio of 1.2. This value for the specific heat ratio corre- 
sponds to the value used in reference 17 where the specific heat ratio for 
a MMH/N 2 O 4 thruster was calculated to range from 1.20 to 1.28 through the 
plume. The data follow the predicted trend except for the two samples which 
were located at ±85°. The transmittance data for these samples are at least 
one order of magnitude higher than the predicted value indicating that the 
simplified approximations for the mass distribution have been extended be- 
yond their limits of applicability and edge effects have become important. 

Reference 18 also shows much larger deposition rates than predicted by 
Hill and Draper for large angles off the nozzle centerline. 

Quartz Crystal Microbalance Measurements . - Quartz crystal microbal- 
ances (QCM’s) are being used extensively for flight and ground test contam- 
ination experiments (refs. 19 to 22 ) . These devices are capable of highly 
sensitive, real-time measurements of the mass depositing or leaving the 
surface of the sensing crystal. The crystals of the QCM units used herein 



-k x = In 
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have a diameter of 0.5 inch, a thickness of 0.01 inch, and an exposed sur- 
face of approximately 1 cm 2 . The crystals are cut on the AT-plane, are 
silver coated and have natural oscillating frequencies of 5*10° Hertz. The 
crystal frequency is dependent on both the net mass deposited on the crys- 
tal and the crystal temperature. Water cooling is provided for the crystal 
holder to minimize the temperature effect on crystal frequency. The sensi- 
tivity of the QCM measuring system, assuming a deposit material density of 
unity, corresponds to an average contamination thickness of 1 S or a mass 
change of 0.01 micrograms/cm 2 . References 20 and 21 present additional de- 
tail regarding QCM characteristics and their applications to contamination 
monitoring. 

Data will be presented for one QCM from each of the three experiments. 
(QCM 1 was inoperative in experiment 1 and only limited data were obtained 
for QCM 1 for experiment 2.) Thirteen QCM’s were included in experiment 3; 
however, the data for only one QCM are available at this time. Referring 
to figure 2, the QCM’s for which data will be presented are designated 2, 

2, and 4 for experiments 1, 2, and 3, respectively. These three QCM's are 

identical units. The location of the QCM for experiments 1 and 2 are also 

identical, while in experiment 3 the location is nearer the engine axis and 

closer to the nozzle exit plane. 

Figures 7, 8, and 9 show typical QCM data obtained using strip chart 
recorders that were operated continuously during each of the three runs to 
measure contamination deposition and evaporation rates during thruster fir- 
ing periods. The general character and response of the QCM T s for the three 
runs are all qualitatively similar. The recorder trace is a stepwise curve 
that shows a net increase in mass with time. A description of the phenom- 
ena being indicated by the QCM measurements can be made by referring to fig- 
ure 7(a). This figure illustrates the response of QCM 2 in experiment 1 
over a continuous recording period of approximately one hour. The step 
change in the data occurs every seven minutes and coincides with the moment 
of thruster firing. The thruster firing consists of eight 50 millisecond 
firing pulses with 100 millisecond between each pulse. The total pulsed 
firing period occurs over an elapsed time of 1,2 seconds. The instantaneous 
step increase in the trace is due to the deposition of exhaust plume prod- 
ucts on the crystal surface. The gradual decrease in the trace after the 
initial step increase is due to subsequent evaporation or sublimation of 
the deposited exhaust plume materials. For the specific step increases 
shown in figure 7(a), the mass addition is approximately 0.6 micrograms/cm 2 
per second of engine firing (0.4 sec). During the seven minutes between 
firing periods some of the deposited mass evaporates or sublimates from the 
crystal surface at a rate of between 0.02 to 0,04 microgram/cm 2 per minute 
as indicated by the decrease in the recorded trace. The net mass which re- 
mains on the crystal surface just prior to the next firing period is approx- 
imately 0.3 microgram/cm 2 . A net mass deposit of 3.0 pgr was obtained for 
the 1-hour period shown and results in a net mass addition rate of approxi- 
mately 0,05 microgram/cm 2 /minute . All of the QCM data exhibit this typical 
character, however the magnitude of the changes are different for the dif- 
ferent experiments . 

Table II lists the approximate average increase of the initial mass 
addition, the evaporation or sublimation rates during nonfiring periods. 
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and the net mass addition to the crystal surface for a number of selected 
days during the experiment „ The results of the QCM data from the other ex- 
periments are also included in table II for comparison. For a given exper- 
iment and thruster operating parameters the QCM results for the various 
days are similar. However, there are some differences during a given day 
as well as differences from day to day. For experiment 1 the initial mass 
addition covers a range from 0.4 to 1.5 micrograms/cm^ (a rate for the 
0,4 sec firing period is 1.0 to 3.75 micrograms/cm^/sec) and the net mass 
addition covers a range from 0,5 to 0.7 micrograms/cm^ /minute . There were 
no large deviations in the QCM data for this experiment even though the 
experiment was carried out over an extended period of time. 

The response of QCM 2 in experiment 2 shown (fig. 8) is similar to the 
data obtained in experiment 1. However, the initial mass deposition rates 
are less and the day-to-day response of the QCM was not as stable or consis- 
tent as that for experiment 1 data. The initial mass change during engine 
firing is only 0.1 to 0.3 micrograms/cm^ (or only 0.25 to 0.75 micrograms/ 
cm^/sec of engine firing) and a net change of 0.042 to 0,070 micrograms /cm^ 
per engine firing occurred. The only experimental parameter which changed 
between experiments 1 and 2 was the increase in the crystal holder water 
temperature from approximately 2° C (winter period) for experiment 1 to 
15° C (summer period) for experiment 2. It is doubtful that this slight 
change in water temperature could account for the large change in deposi- 
tion rates which occurred between the two experiments. 

The reponse of QCM 4 in experiment 3 (fig. 9) also shows the typical 
"increasing step" character with each thruster firing. The day-to-day com- 
parison of the recorded trace for this QCM was also generally consistent 
during thruster firing periods. The initial rise or mass deposition during 
thruster firing was approximately 1 to 4 micrograms /cm^ per engine firing 
(a deposition rate at 2.8 to 11.5 pg/cm^/sec of engine firing) and a net 
change over the firing period of approximately 0.1 to 1.0 micrograms/cm^ . 

The much larger deposition rates measured for experiment 3 as compared to 
experiment 1 and 2 may be attributed somewhat to the different location. 

The primary difference, however, is due to the different pulse mode of op- 
eration (14 msec-ON, 100 msec-OFF, 25 pulses) for experiment 3 as compared 
to the (50 msec-ON, 100 msec-OFF, 8 pulses) for experiments 1 and 2, Even 
though the total ON-time of 350 milliseconds for experiment 3 is comparable 
to the 400 millisecond ON-time for experiments 1 and 2, the higher mass 
deposition rates for experiment 3 are indicative of the increased contami- 
nation to be expected for short ON-time pulses. 

It is of interest to consider the two recorder traces shown in fig- 
ure 10 which indicate two unusual events which occurred during experiments 
2 and 3. The trace In figure 10(a) shows the response of QCM 2 in experi- 
ment 2 during the thruster firing period of the third firing day of the ex- 
periment, The step-wise increase at each engine firing is evident but there 
is a decrease in the net mass deposition rates. The net loss in mass during 
the firing period is due to the greater evaporation loss of existing mate- 
rial on the QCM as compared to the deposition rate due to thruster firing. 

It is possible that this may be due to long term temperature or electronic 
drift in the crystal measuring systems; however, frequent and repeated 
checks of crystal performance during nonfiring periods indicated excellent 
stability over long periods of time. 
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Figure 10(b) shows the response of QCM 4 from experiment 3 when engine 
firing and solar simulation occurred simultaneously. As can be noted, the 
imposed radiation causes very erratic behavior in crystal response due to 
temperature effects on the crystal characteristics and increased evaporation 
of the existing mass on the crystal surface. Consistent mass deposition 
rates could not be obtained when solar radiation occurred simultaneously 
with thruster firings. In experiments 1 and 2, solar simulation occurred 
only during nonfiring periods where the resultant effect was to reduce the 
mass remaining on the crystal surface. 

Some limited data for QCM 1 of experiment 2 were obtained intermit- 
tently at approximately 1 hour intervals during the firing period. The net 
mass addition to this crystal is also shown in table II and indicates only 
a slight mass addition during the second firing day and no measurable mass 
addition during the last two firing days of the experiment. The conclusion 
drawn from these data is that the plume backflow as measured by QCM 1 is 
apparently small and less than the resolution (approximately 0.01 yg/cm^) 
of the QCM measuring system. Even though the mass deposition rates were 
small, the significant changes measured in directional transmittance may be 
of importance for space applications. 

Quadrupole Mass Spectrometer Measurements . - A quadrupole mass spec- 
trometer was included in the experiments in an attempt to identify the en- 
gine exhaust products causing contamination effects and, if possible, to 
correlate the exhaust products from different engine operating conditions 
to contamination effects, A general description of a quadrupole mass spec- 
trometer and its potential for contaminant analysis is presented in refer- 
ences 23 and 24, 

The spectrometer is attached to the tank wall (fig. 1) approximately 
1.5 meters above the thruster nozzle. The spectrometer is encased in a 
6 -inch diameter stainless steel can which has a 1 -inch diameter sampling 
port facing upward. No data are available from experiments 1 and 3 since 
the quadrupole was inoperative in these experiments. The results from ex- 
periment 2 are presented to indicate the type of information that can be 
obtained with this instrument. 

Spectrometer scans over the mass number (m/e) range from approximately 
4 to 80 are shown in figures 11(a) to (d). The scans are intended only for 
qualitative comparisons to illustrate differences between various scans 
taken during different operating conditions. Figure 11(a) was obtained 
prior to any engine firing, figure 11 (b) is a scan one minute prior to the 
20 th pulse on the first day of firing, figure 11 (c) was obtained 60 seconds 
after the 20 th pulse was fired, and figure 11 (d) is a background scan taken 
five days after the first day T s firing. The scan speeds were 30 seconds 
for figures 11 (a) and (d) and 3 seconds for figures 11 (b) and (c). 

Figure 11(a) shows the initial background spectra with major mass num- 
ber peaks at 29, 41, 43, 55, and 57 representing, according to reference 25, 
the presence of hydrocarbons. There are minor peaks at mass numbers 15, 17, 
30, 44, and 46, indicating possibly the presence of NO**, NH 3 , NO, N 2 O, MMH, 
and NO 2 which are known to be exhaust constituents for MMH/N 2 O 4 thrusters. 
The presence of these various mass numbers in the background spectrum is 
probably due to contamination remaining from previous thruster firings and 
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cleaning solvents used to remove the contaminants from the facility. 

Figures 11(b) and (c) were made at much lower sensitivity levels than 
11 (a) in order to obtain a scan as soon as possible before and after the 
thruster was fired and before most of the exhaust constituents had been 
pumped by the liquid helium walls of the facility. Because of the reduced 
sensitivity the detailed structure of the background is not evident and 
only the very predominant peaks can be seen. In figure 11(b) the prominent 
peak at 40 and the secondary peak at 20 indicate A + and A"* - * due to the argon 
leak which is used continuously during the thruster firing period. The re- 
sult of thruster firing can be noted by comparing figures 11 (b) and (c) , 

An obvious difference between figures 11(b) and (c) can be seen by compar- 
ing the change in peak height of mass numbers 14, 15, 16, 17, and 18 rela- 
tive to the stable peak height at mass number 40, The increase in relative 
peak heights at these mass numbers can be attributed to the exhaust gases 
CO**, N, NO"^", 0, 0^, NH 3 , OH, and H 2 O. However, of more importance, 

is the change in peak height noted for mass numbers 30, 31, 45 , and 46 
which could indicate the presence of NO, CH^N^, C 2 H 5 NH 2 , and NO 2 and MMH. 

If so, incomplete combustion may have occurred for the pulse operating mode 
and these products may be the contaminants in the plume causing optical 
degradation, 

A final scan of the residual tank background is shown in figure 11(d) 
and can be compared with figure 11(a). The primary differences are the rel- 
ative increase in mass 14 and the relative decrease in the intensity of mass 
number 29 relative to 28, the presence of appreciable 32 (which is attrib- 
uted to N 2 H 4 or CH 3 OH rather than O 2 ) , and the large increase in mass 46 in- 
dicating again possibly unburnt MMH or residual NO 2 . 

Due to the difficulties encountered in operating the mass spectrometer 
in our facility, the rapidly changing tank background immediately after 
thruster firing and the large number of chemical compounds contributing to 
the mass spectra, no positive identification of exhaust products causing 
contamination was possible. Although a comparison of the mass spectra ob- 
tained from different engine operating conditions may give some insight 
into engine operation contributing to contamination effects, we expect that 
such a correlation will be very difficult to make. Our experience at this 
time pretty much agrees with the conclusion drawn in reference 23 that the 
utilization of a mass spectrometer to determine residue composition is ex- 
tremely difficult even with a great deal of effort. 

Infrared Spectrometer Measurements . - Ex-situ infrared transmittance 
measurements were made for wavelengths from 2.5 to 15 ym for ( 1 ) liquid col- 
lected directly from the thruster nozzle to obtain a "signature" of the con- 
taminant and ( 2 ) three "sting-mounted" samples ( 102 , 107, and 109) that were 
located in and directly contaminated by the plume. 

Figure 12 shows the infrared spectra of the dark brown, viscous liquid 
collected directly below the nozzle. The spectra were obtained with a 
double-beam, filter grating spectrometer with the liquid on a sodium chlo- 
ride (NaCl) and also on a potassium bromide (KBr) plate. On the NaCl sub- 
strate, absorption bands are centered at 2.9 and 7.4 ym with other bands 
appearing at 5.65 and 6.7 ym as well as between 9 and 13 ym. Spectra of the 
liquid on the KBr substrate show similar band structure; however, there are 
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some differences noted in the two spectra. These differences as well as 
the overall spectra are consistent with data shown in reference 25 for 
residue collected in the outer edges of the exhaust plume from the firing 
of a 1-pound thrust MMH/N 2 O 4 engine. The spectra in reference 25 were 
further compared and found to be identical to the spectra obtained from 
laboratory prepared MMH/HNO 3 . The identification of the contaminant from 
the spectra presented herein is not this positive. Even though a similarity 
does exist between these spectra and that of reference 25 additional anal- 
ysis is required before a positive identification can be made. 

An elemental chemical analysis was also made on the collected material; 
the results of the analysis are shown in table III and are compared with 
similar analyses from reference 25 e Although the chemical analysis of the 
sample is similar it is also different enough, especially in percent of 
nitrogen, to suggest the possibility of a different substance. This possi- 
bility can occur considering the different locations from which the mate- 
rial was collected. 

Figure 13 presents the infrared spectra for the sting-mounted NaCl sam- 
ple (109) and the KRS-5 sample (107). These samples are contaminated di- 
rectly from plume exhaust products which may differ chemically from the ma- 
terial collected from the nozzle exit. The spectra in figure 13 are not as 
well defined as the previous spectra because the amount of contaminant is 
much less. The primary absorption bands at 2.9 and 7.4 ym are easily de- 
tected and can be compared with the spectra in figure 12. Again it should 
be noted that the KRS-5 sample spectra (similar to the effect noted with 
the KBr spectra) differs slightly from spectra obtained with the NaCl sam- 
ple. Thus it appears that contamination effects are affected by the sub- 
strate and care must be taken to insure comparable substrates if the data 
are to be compared. 

In figure 14 the infrared spectra of the two sting-mounted NaCl samples 
102 and 109 are compared for wavelengths up to 6 ym to illustrate the influ- 
ence of sample location. No significant differences were noted in the spec- 
tra for wavelengths greater than C yui 3 The extent of the absorption is con- 
siderably less for sample 102 than for sample 109 at a wavelength of 2.9 ym. 
The decreasing effect with increasing angle is consistent with the plume 
mass distribution and the results obtained for the fused silica samples. 

The infrared spectra obtained herein indicate a number of items worth 
summarizing: ( 1 ) the spectra for the material collected as drippings from 

the nozzle exit appears to be similar to spectra for collected exhaust prod- 
ucts obtained by others in the fields, ( 2 ) the use of sting-mounted samples 
in the exhaust plume to collect exhaust contaminants for signature identifi- 
cation requires more material than deposited in our exposure test or more 
sophisticated spectrometer measuring techniques, and ( 3 ) narrow band meas- 
urements at wavelengths of 2.9 and 7.4 ym may be useful for in-situ, real 
time measurements of contaminating effects or possible correlations with 
mass deposition rates. It is also apparent from this study that relating 
infrared measurements to contamination effects is difficult as is the appli- 
cation of the quadrupole mass spectrometer measurements and that both tech- 
niques require a great deal of time, effort, and development if useful quan- 
titative data are to be obtained. 
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CONCLUDING REMARKS 

The conclusions which can be drawn from the data of the three experi- 
ments are as follows: 

Plume Distribution Effects . - The effect of the plume contaminants on 
the transmittance of fused quartz samples located around the periphery of 
the engine increases as the wavelength decreases and also decreases as the 
angle between the sample location and nozzle centerline increases. The con- 
taminant causes a significant reduction in directional transmittance for 
wavelengths below 0.3 ym. For the experiment with a total exposure time of 
223 seconds, the directional transmittance of the sample was essentially 
zero for wavelengths below 0.22 ym. At wavelengths between 0.3 and 0.5 ym, 
the influence of exposure time greater than 62 seconds on directional trans- 
mittance was found to be small. 

A comparison between the transmittance effects and an approximate de- 
scription of the plume mass flow distribution indicated a reasonable corre- 
lation for the samples at angles up to 4-56 degrees. Two samples located at 
angles of ±85 degrees showed larger transmittance effects than predicted by 
the mass flow distribution. These large transmittance changes at ±85° indi- 
cate possible plume back-flow effects which can be important considerations 
for space applications. 

Quartz Crystal Microbalance Measurements . - Measurements of mass depo- 
sition rates during thruster firings were found to be different for each of 
the three experiments. The largest deposition rates were obtained for the 
shorter firing pulse (14 msec-ON time) operating mode. 

Quadrupole Mass Spectrometer Measurements . - Problems were encountered 
in obtaining quadrupole measurements in two of the three experiments - 
measurements made during experiment 2 indicated major increases at mass 
numbers of 17, 18, 31, 45, and 46 Immediately after thruster firing. These 
mass numbers suggest the presence of the compounds NH 3 , H 2 O, CH 3 NH 2 , C 2 H 5 N 2 
or unreacted MMH which could condense on surfaces which are at temperatures 
below 250° K. 

Infrared Spectrometer Measurements . - The spectra over the wavelength 
range from 2.5 to 15 ym for material collected directly off the nozzle exit 
compared closely with spectra obtained by others working in this area. The 
i spectra were similar to laboratory prepared MMH -HNO 3 ; however, a positive 
identification of the residue could not be made. Contaminant deposited on 
samples located directly in the exhaust plume was not sufficient for signa- 
ture identification. These samples did indicate primary absorption bands at 
2.9 and 7.4 ym which could possibly be used for in-situ, real time contami- 
nation effect measurement or possible correlation to mass deposition rates. 
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TABLE II. - SUMMARY OF QCM MASS DEPOSITION RATES 


17 


CO 

CO cu 


cd 

M 


W S 
<1) O 
4-» *H 
4-> 
50 *H 
d X 
o x 
h tfl 


co d 
xJ *H «H 
<u co a 
co cd . 

CX ^(N 

d 3 

H (1) O 

W 3 

*rl 50 


<D 

d * 

-H 50CM 

50 c a 
a h - 

" U 


(U 


<U 

IH 


o 


in m Nin 

o o o o 


in m on m 
n co <J- co 


00 O VO 
O iH O 
O O O 

Ilf 

O +i 


vO O M 

m n 
o o o 

d +i 


00 

o 

00 o Mf 

O I rH 
I ■ Mj- • 
O rH O 

o 


Mj- 

vo 

v£> • 

moo 

I • I • 

OHH 


N O H 
O O O 

O o o 

odd 


Mj* o o 
|H o o 
o o o 
• • • 
o o o 


<u 

H 4-1 0) 

cd 

V-i 


g 

•H 

4-1 

Cd 

H 

o 


d 

h a 

50 *H 
C g 
0) 50 \ 

a cm 

c -h e 

'■ U “ 
H 


a 


an H 

Cd H 4J 

> X* <D 

w d 

CO ' 


50 

d- 


ON sf O 'X) 

o o o o 
dodo 

i i I I 

CO N sj- oo 

o o o o 
dodo 


H H H 

o o o 

III 

o o o 

I I I 

o o o 


cm <j- m 

iii 

o o o 

f 1 I 

rH CM 00 

odd 


I I 


50 




a 

*H 

u o 
•h a) 

m 

m 

m m 

O 44 (0 

o o m 

m in m 

m iH • 



CD 

CO 

d) CM 

CM 

CM 

CM 

CO 


o 

O 

O 

co 
i r 


rH 

CO 

4-1 


d S 

1 

1 

1 

1 

1 


1 

1 

l 

1 

CO 

cd 


*h a 

m 

O 

m 

o 


m 

m 

m 

o 

o 

o 

cd 

u 

0) 

50\ 

CM 

• 

CM 

• 


CM 

CM 

CM 

oo 

oo 


B 


P-, 

d 50 

• 

rH 

• 

CM 


• 

• 

• 

• 


m 


d 


a) d 

« — i 


rH 



o 

O 

o 

Mj* 

CM 


rH 

o 














cd 



4-1 












•H 

4-1 


o 












4-> 

•H 














'H 

CO 














d 

O 

a) 













H 

& 

pi 














a> 

■H 

50CM 

00 

00 

O 

m 


CM 

CM 

oo 

o 

m 

o 


X) 

50 

a a 

• 

• 

m 

• 


• 

• 

• 

• 

• 

• 



d 

*H O 

o 

o 

i — I 

rH 


O 

o 

O 

00 

CM 

mT 



<U 

•H 50 

1 

m 

1 

MT 

1 

m 

1 

oo 

1 

1 

rH 

1 

rH 

1 

rH 

1 I 

m 

o 

o 



H 

44 d 

• 

• 

• 

• 


« 

• 

• 



• 



aj 

P-, 


o 

o 

o 

o 


O 

o 

O 

rH 

*H 

CM 
















cd 




rH 

CM 

00 


iH 

CM 

ro 


rH CM 

00 

Ml- 

Q 




i — 1 




CM 




oo 








CM 




CM 



Mf 







* 




« 




• 







Cu 




Cu 




a £ 







X 

w 

O' 



X 

W 

O' 



W S 




I I 


1111 


H CM CO M 


CM 


K 3 

W O’ 



18 


TABLE III. - ELEMENTAL CHEMICAL ANALYSES OF COLLECTED MATERIAL 


Element 

Exp. 2 
collected 
material 

Ref. 25 
residue 

Ref. 25 
calc, for 
MMH/HNO 3 

% Carbon 

12.78 

10.34 

11.01 

% Hydrogen 

6.66 

6.41 

6.46 

% Nitrogen 

24.21 

40.40 

38.52 
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(b) EXPERIMENT 2. 
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Figure 2. - Experiment description. 
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Figure 4. - Transmittance of contaminated fused silica 
samples. (Experiment 2- 62 seconds exposure. ) 
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Figure 10. - Unusual events in QCM recorder traces. 
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( c ) LOW SENSITIVITY SCAN 1 MINUTE AFTER FIRING OF THRUSTER 
PULSE # 20 (EXPERIMENT 2). 


(a) FACILITY BACKGROUND PRIOR TO THRUSTER FIRING (EXPERI- 
MENT 2). 



Figure 11. - Concluded. 
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Figure 14, - Infrared spectrometer measurements for contaminated 
sting-mounted samples in exhaust plume (experiment 2). 



